Embryo imaging has long been a critical tool for in vitro fertilization laboratories, aiding in morphological assessment of embryos, which remains the primary tool for embryo selection. With the recent emergence of clinically applicable real-time imaging systems to assess embryo morphokinetics, a renewed interest has emerged regarding noninvasive methods to assess gamete and embryo development as a means of inferring quality.
INTRODUCTION
For the past few decades, real-time imaging of embryos has been feasible for monitoring their development. Early equipment typically consisted of modified environmental chambers placed on the stage of an inverted light microscope [1] [2] [3] [4] [5] [6] [7] . While these early devices were crude and not suited for widespread clinical implementation, they were still able to provide insight into morphological dynamics of the early embryo. Use of real-time imaging technology has received renewed attention recently with the production of various commercial devices for human in vitro fertilization (IVF) laboratories. These devices permit analysis of embryo morphokinetics, examining timing of events such as pronuclear formation, various mitotic divisions, fragmentation, blastocyst formation, or other cellular events that may be predictive of developmental competence or chromosomal complement and useful in selecting the best embryo for transfer [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Indeed, in conjunction with their specialized culture platforms and sometimes customized incubators, these commercial time-lapse imaging devices may be an improvement over current culture/ imaging approaches and may soon become standard clinical IVF laboratory equipment. However, noninvasive imaging of embryos as a means of selection need not be limited to simple differential contrast or brightfield microscopy. The development of new imaging techniques and engineering advances in microscopes have resulted in various novel visual assessment methods that may prove to be powerful tools in improving assisted reproductive outcomes.
CONCERNS WITH LIGHT
Light microscopy is an integral portion of any IVF laboratory. Brightfield microscopy is common on dissecting microscopes and typically used for procedures such as oocyte retrieval, cumulus cell removal, general embryo identification, or sperm isolation from tissue. Various contrast approaches can be used to observe unstained living cells by producing a phase gradient image. The use of contrast optics like Hoffman modulation or Nomarski differential interference are common on inverted microscopes used for intracytoplasmic sperm injection (ICSI) and provide more detail for embryo assessment. However, historically, there has been concern with potential detrimental effects by light exposure to gametes and embryos encountered during routine handling and analysis. Prior studies indicate that short wavelength visible light exposure, primarily from an incandescent microscope light bulb, can impair embryo development in rodent species [20] . Collection of 1-cell hamster embryos using a light microscope or using as little as 3 min of fluorescent light exposure (370-760 nm; both 1600 lux) impaired subsequent development past the 2-cell stage [21] . Similar results were found after exposure of hamster and mouse zygotes to fluorescent light [22] . Additionally, short wavelength visible light can also impair oocyte meiosis. Exposure of hamster eggs to ,470 nm light for prolonged periods of !15 min resulted in abnormal pronuclear formation following fertilization [23] . Other studies have found detrimental effects of visible light exposure on mouse and rabbit oocytes, resulting in decreased cell division and increased DNA fragmentation [24] [25] [26] , where damage occurs in a time-dependent manner [27] . These damaging effects could be due to direct effects on the cells themselves or via interactions with media components that result in a compromised growth environment [28] .
Fortunately, concerns with harmful effects of light from the laboratory can be lessened or completely alleviated by reducing microscope light intensity and/or lessening light exposure time.
Other potential approaches to further alleviate concern with light include using filters over light sources, using specialized light sources, or perhaps even using dishware that has protective coatings to filter out harmful wavelengths. New time-lapse imaging devices used for IVF, which are of special concern because of their prolonged imaging of cells, appear to address these issues with the previously mentioned solutions. Though the impact of light exposure itself was not isolated as the sole variable, and conditions such as altered culture platform, volume of media used, as well as the incubator itself are confounding variables, various morphokinetic imaging studies show no difference in embryo development or outcomes with real-time imaging compared to traditional, periodic visualization approaches [12, 14, 29, 30] . Additional assessment of molecular or biochemical endpoints may also prove insightful as to the safety of these technologies and the impact of continuous/periodic light exposure during gamete/ embryo visualization and imaging. Regardless, light used in imaging of gamete and embryos is a valid concern that must be addressed in the pursuit of more insightful approaches to microscopy.
NOVEL IMAGING APPROACHES
With the challenges of light exposure and its impact on embryo growth and development, alternative imaging technologies may help lessen potential concerns with traditional light microscopy, provide additional insight into embryo development, and perhaps provide new predictive means to select gametes and embryos. For example, darkfield microscopy and light-emitting diode (LED) lighting are utilized by some realtime embryo imaging devices. Traditionally, because of the low levels of light seen at the final image, darkfield microscopy actually requires an immense amount of illumination. However, steps can be taken to reduce light intensity at the specimen and help avoid concern for its clinical use [9, 17, 31] . It should be noted that details of delicate cellular structure can be lost with the darkfield approach. Other common technologies outfitted to the common inverted microscope using brightfield found in most IVF labs, such as the use of Nomarski or Hoffman optics, can provide more contrast to easily visualize surface structure and aid in basic morphological assessment of cell appearance. However, these approaches are still limited in the scope of information they provide; only permitting the visualization of superficial structures.
Perhaps more interesting, and potentially more insightful, are live-cell imaging approaches that provide detail regarding gamete and embryo intracellular structure and cellular composition. While this can be accomplished through relatively common techniques like laser scanning confocal microscopy, high light intensity is still of concern, especially when trying to image over extended periods for time. Fortunately, alternate novel imaging approaches exist that can avoid some of these concerns and may prove useful in improving assisted reproductive technologies (ART) ( Table 1) .
Polarized Light Microscopy
One of the most widely utilized forms of specialized microscopy for examining gametes and embryos entails the use of polarized light. As outlined in perhaps the seminal review of the topic for ART by Montag et al. [32] , polarized light microscopy was used as early as 1875 to visualize sperm, sea urchin embryos in 1937, and visualization of spindle dynamics from the 1950s-1970s. As technology advanced, this imaging technique was developed to be more sensitive and compatible with live cells and real-time imaging, and can now be used in the routine examination of gametes and embryos in a clinical setting, provided the proper equipment is available [33] [34] [35] .
Polarized microscopy for clinical use includes an inverted light microscope outfitted with a circumpolar polarizer and a rotating liquid crystal retarder to analyze the digital images (Fig. 1 ). This technology permits specialized imaging to provide insight into spindle dynamics and zona pellucida structure via birefringence, or the decomposition of the light ray into two beams of different polarization as it passes through intracellular structures [32] .
The ability to visualize the location of the oocyte meiotic spindle is of questionable importance because numerous conflicting studies exist regarding its benefit for uses such as ICSI [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Furthermore, while visualization of the meiotic spindle may perhaps provide insight into oocyte maturational or possibly chromosomal status [42, 47, 49, 53, 54] , these applications are compromised by the fact that the meiotic spindle is a dynamic structure [55, 56] , affected by environmental conditions such as temperature. Thus, studies that have attempted to use spindle visualization to assess efficacy of cryoprotectant exposure or cryopreservation protocols often have conflicting results because other variables, such as temperature, are not controlled [43, [57] [58] [59] [60] [61] [62] [63] . Additionally, some laboratories have even tried to use the intensity of the birefringent signal, or retardance, as a measure of spindle density and oocyte quality [44, 45, [64] [65] [66] . However, this retardance is reliant upon spindle positioning and environmental variables and is thus likely unreliable. Further confounding JASENSKY AND SWAIN the predictive value of spindle imaging through polarized light microscopy, though spindle birefringence may not be apparent using polarized light, immunocytochemical staining with tubulin may still reveal spindle components [67, 68] , indicating that birefringence does not necessary indicate presence/absence of the spindle. Birefrigence within layers of the oocyte zona pellucida are also observable using polarized light microscopy, which may provide insight into structure and possible oocyte quality. Both hamster and human oocytes display three distinct layers within the zona based on their birefringent properties [34, 69] . When the inner layer of the zona show high birefringence, the resulting embryo quality appears superior compared to oocytes with low birefringence in the inner zona layer [45, 46, [70] [71] [72] [73] , though at least one study found no such correlation [74] .
More recently, birefringent properties of sperm for clinical use have been evaluated using polarized light microscopy. Notably, this approach requires higher magnification and adjustment of the polarized light detection module to accommodate the smaller size and lower intensity of the birefringence of sperm [75] . This approach can be used to assess acrosomal status of sperm, with unreacted sperm displaying birefringence over the entire sperm head compared to reacted sperm that only display the property in the postacrosomal region [76] [77] [78] . This approach has been demonstrated to be helpful in selecting sperm for use during ICSI by also helping to detect sperm head vacuoles [75, 78] .
Multiphoton Excitation Fluorescence Microscopy
As previously mentioned, approaches like confocal fluorescence microscopy can provide internal views of biologic specimens/cells. However, these approaches often require cell fixation or only provide insight into discrete time points because prolonged imaging can be damaging. Thus, observation of dynamic events during embryo progression is difficult.
The development of multiphoton excitation fluorescence (MPEF) circumvents many of the disadvantages of confocal imaging listed above. MPEF is a nonlinear approach that involves the simultaneous interaction of two or more infrared photons to excite a fluorophore, rather than a single visible photon [79] [80] [81] [82] . This results in the excitation source having lower energy photons of longer wavelength that are restricted to a discrete focal plane. The use of a longer wavelength laser source has advantages, including a greater specimen penetration depth as well as decreased photodamage to living cells from its lower energy photons [82, 83] . However, delicate cells, such as preimplantation embryos, may still prove difficult to image with multiphoton microscopy because of high excitation energies.
One comparative study demonstrated that extended imaging of hamster embryo using two-photon excitation fluorescence imaging to visualize stained mitochondria was less damaging than laser scanning confocal imaging [84] . Samples were imaged over 8 h, with five optical sections taken every 15 min (confocal ¼ flux density 9 3 10 3 W/cm 2 , 8 lsec dwell time; two-photon ¼ flux density 6 3 10 3 W/cm 2 , 8 lsec dwell time). Imaging was performed using a Plexiglas environmental chamber fitted to a microscope stage. Two-photon excitation fluorescence imaging had no detrimental impact on blastocyst formation and fetal development, while confocal imaging resulted in developmental arrest during early cleavage stages. This may be due to increased oxidative damage from confocal imaging, which was not apparent in cells imaged with a longer NOVEL IMAGING TO ASSESS GAMETE/EMBRYO QUALITY wavelength of light as with two-photon imaging. Importantly, the authors noted that detrimental impacts were due to direct effects on the embryo themselves, rather than modification of the surrounding culture media, and that the developmental arrest was due to the light exposure, rather than the fluorescent labeling of the mitochondria [84] .
A follow-up study using primate oocytes and early embryos utilized MPEF to image fluorescently labeled mitochondria in the hopes of using the localization patterns as indicators of developmental competence [85] and a possible means of selection. Imaging of presumptive zygotes for 24 h at intervals of 3 min-6 h as well as oocytes for a single z-series of 21 planes at 5 lm intervals revealed distinct mitochondrial organization patterns (Fig. 2) . This imaging did not appear to compromise subsequent fertilization or embryo development.
Finally, two-photon excitation fluorescence imaging was used to observe developing mouse embryos to gain insight into cell differentiation and lineage mapping as cells are directed to the inner cell mass or trophectoderm [86] . Using transgenic mice expressing Histone-H2-GFP, imaging was performed with a wavelength of 820 nm providing high signal strength with low background noise. Imaging was performed over 6-7 min to permit cell tracking and calculations, as imaging over 10 min led to inaccuracies due to cell movement. Impact on embryo developmental competence under these conditions was assessed by embryo development and pregnancy following transfer. No differences were reported between imaged and nonimaged embryos.
Thus, because of the observed decrease in irradiation damage using MPEF over traditional confocal fluorescence imaging, the potential of MPEF imaging for noninvasive assessment of intracellular structures within embryos should be apparent. Of course, it is important to note that fluorescent labeling of cells presents a limitation of applying this approach clinically for ART.
Harmonic Generation Microscopy
Another nonlinear imaging approach, harmonic generation microscopy (HGM), is a technique capable of providing threedimensional, label-free images of biological specimens. This approach utilizes a laser light source to produce second harmonic generation (SHG) and/or third harmonic generation (THG) response via changes in wavelength and frequency as the light travels though the biologic specimen (Fig. 3) . SHG is used to visualize highly organized nanostructures with ordered arrangements and highly asymmetric structures with low optical centrosymmetry, such as spindles and zona pellucida. THG occurs at optically thin layers or interfaces, such as cell membranes, membrane organelles, or lipid droplets. A hallmark of HGM microscopy is its ability for noninvasive imaging with subcellular resolution without the need for exogenous labeling schemes. Its nonlinear properties (similar to MPEF microscopy) have intrinsic sectioning ability that allows for three-dimensional imaging with low laser irradiation power.
Harmonic generation imaging using a 1230 nm wavelength laser with ;150 mW illumination power has been used to image mouse oocytes and embryos. In the oocyte, three layers within the zona pellucida were visualized through SHG [87] . This is in agreement with the three layers observed with polarized light microscopy and has the potential for use in selection of oocytes [34, 69] . Additionally, THG permitted visualization of pronuclei as well as organelles such as Golgi, endoplasmic reticulum, and mitochondria [87] . This may be useful because organelle localization, such as that of the mitochondria, may be predictive of developmental competence [88, 89] . Importantly, HGM has been used to image 4-cell and morula stage mouse embryos with continuous imaging over 10 min and was compatible with embryo development and live birth [87] . Furthermore, SHG and THG were sensitive enough to pick up subtle differences in spindle formation and organelle localization between young and aged mouse oocytes [87] , which could be useful as a method of oocyte selection to improve clinical assisted reproductive outcomes.
A later study using a chromium forsterite laser at 120 MHz with an output wavelength of 1235 nm and output power of 200 mW, resulting in ;35 mW of laser power at the embryo, was used to image lipid droplets within mouse embryos [90] . HGM indicated that lipid droplets in zygotes are small and uniformly distributed. However, in blastocysts, these droplets JASENSKY AND SWAIN are predominately located in the trophectoderm. Interestingly, lipid droplet movement is regulated by actin and microtubules, and these droplets do not appear to fuse during their migrations within the cells, but rather they form aggregates over time [90] . It would be interesting to determine if the amount or localization of the lipid droplets had any correlation with embryo quality. Lipid is known to affect cryosurvival, so noninvasive lipid identification via HGM may offer a means to identify candidate embryos, or for monitoring purposeful induced changes in cell lipid composition to improve cryosurvival [91] [92] [93] [94] .
Similar to above, a prior study using 10 min imaging of morula using HGM permitted continued mouse embryonic growth and live birth [90] . Unfortunately, while HGM imaging overnight also permitted morula or blastocyst stage embryos to continue development, when these embryos were transferred into pseudopregnant females, it was shown that extended imaging of embryos for 22 h appeared to compromise embryo viability. In these cases, implantation appears to occur, but complete embryonic loss occurs after gastrulation [90] . Thus, extended imaging at this intensity is damaging.
Additional studies have utilized adaptive optics to optimize the HGM setup to lower light intensity while improving signal and resolution [95] . Using a similar laser configuration with a chromium forsterite laser at a lower repetition rate of 100 MHz and sample power of ;30 mW, the same group used this setup and time lapse imaging of mouse embryos with HGM on morula and blastocyst embryos for 2 or 19 h. During this time, continued development of embryos could be visualized as well as movement of lipid droplets [96] . Unfortunately, more detailed assessment of embryo quality following imaging to ensure no damaging effects was not performed.
Fourier-Transformed Infrared
Fourier-transformed infrared (FT-IR) is a technique that uses infrared light to collect absorption, emission, or photoconductivity of a compound and uses a mathematical process (Fourier transformation) to convert the information into interpretable spectra. Although it has widespread use in the medical imaging field, IR imaging has some limitations. For example, IR microscopy is limited by a number of difficulties, including low sensitivity due to high background and low intensity of the irradiation source, low spatial resolution (several micrometers) associated with the long infrared wavelengths, and strong water absorption of the infrared light At least three studies have used FT-IR to examine oocytes. The first report of FT-IR examined the effect of chilling on membrane lipid phase transition in human oocytes and zygotes [97] . By examining changes in the vibrational frequency of the CH 2 bond stretches during temperature changes, significant differences were found in the lipid phase transition temperature between immature (GV)-intact oocytes, mature (MII) oocytes, and fertilized zygotes. A second study using FT-IR published soon afterward examined changes the structure of zona pellucida of bovine and porcine oocytes [98] . It was determined that zona pellucida protein structure was predominately b-sheets and that the secondary structure of the zona changes following fertilization as indicated by an increase in bsheet content. A third, more recent study utilizing FT-IR examined whole oocytes to determine if significant differences in composition could be determined between GV and MII mouse oocytes (Fig. 4) [99] . GV-intact oocytes showed a small centrally located lipid deposit, while MII oocytes had a higher concentration of large, centrally located lipid deposits. On average, MII oocytes also appear to have higher lipid and protein content than immature eggs. Whether viability or developmental competence of oocytes following IR imaging is intact remains unknown.
Raman Microspectroscopy
Raman microscopy, which is the combination of Raman spectroscopy and confocal microscopy, is based on the NOVEL IMAGING TO ASSESS GAMETE/EMBRYO QUALITY principle of inelastic scattering, resulting from the interactions of light and matter. Photon scattering by molecular bonds result in unique spectra to form a fingerprint, which can be used to identify these molecules in various living cells. This approach could prove useful as a noninvasive means to screen or select individual cells, such as sperm or oocytes. However, the use of spontaneous Raman spectroscopy can have major limitations. The Raman scattering effect is extremely weak, resulting in long integration times of 100 msec to 1 sec per pixel [100] . In addition, Raman signals can be easily dominated or confused by fluorescence signals from samples exhibiting autofluorescence. These factors severely limit the application of Raman microscopy to the study of biological samples, especially living systems.
One of the first reports of Raman microscopy use for imaging gametes analyzed DNA in living salmon sperm [101] . Subsequently, additional studies have used the approach to further analyze human sperm as a potential means of quality selection for use in ART. For example, differences in DNA conformation and protein content between fixed individual sperm with different morphologies was assessed [102] . It was found that normal-shaped sperm had different DNA packaging compared to sperm with abnormal morphology. Abnormally shaped sperm may have less efficient DNA packaging as evidenced by examining spectra associated with DNA and protein binding. However, variation still exists in DNA packaging in sperm with normal morphology, indicating that Raman microscopy could be a useful tool in selecting sperm over use of morphology alone. Similar imaging and application to living sperm should also be feasible, though this remains to be verified.
Using an excitation wavelength of 532 nm and a laser radiation of 10 mW to avoid cell damage, human sperm were imaged and differences examined following exposure to damaging ultraviolet (UV) A radiation (Fig. 5, A and A 0 ) [103] . Unique spectra were identified for the sperm head, neck, and mitochondria-rich midpiece, and these spectra changed following damage from UV light, indicating damage to DNA and mitochondria. A similar study was also able to identify DNA damage in human sperm following UVB exposure [104] as well as DNA damage from oxidative stress [105] . It is conjectured that, with improvements in throughput, as well as implementation of additional technologies, like laser trapping, this imaging approach could help distinguish between normal JASENSKY AND SWAIN and damaged sperm and could be modified to serve as a selection tool for procedures such as ICSI. Raman microscopy has also been used to image the female gamete. An initial use of Raman microscopy was reported on a mouse MII oocyte. Results appeared to be in agreement with prior FT-IR results from the same group. Lipid content was identified as well as regions of high protein content and areas likely to be mitochondria [99] . Examination of Xenopus oocytes using Raman imaging identified the presence and distribution of carotenoids, specifically B-carotene [106] . BCarotene was present in higher concentrations around cell membranes and in the cytoplasm, with lower levels in the nucleus. It was noted that imaging this did not compromise oocyte viability, though the method of viability assessment was not noted.
Another study using mouse oocytes examined the impact of aging and associated oxidative damage to changes in MII oocyte composition as determined by Raman imaging (Fig. 5B ) [107] . Specifically, young oocytes showed distinct differences in lipid (C¼C stretching 1659 cm À1 , CH 2 bending 1450 cm À1 , CH 3 deformation 1345 cm À1 , OH bending, and CN stretching 1211 cm À1 ) and protein components (amide I band 1659 cm À1 , CH 2 bending and CH 3 deformation 1450 cm À1 , CN and CC stretching 1132 cm À1 , phenylalanine 1035 cm À1 ) compared to aged oocytes as well as those with induced oxidative damage.
Recently, a variation of Raman imaging, that is, coherent anti-Stokes Raman scattering (CARS), was used to quantify lipid content of oocytes from various species. In a preliminary report, it was shown that CARS could be used to compare the lipid content of meiotically competent and incompetent oocytes from species of known lipid differences, including mouse, human, pig, and bovine [108] . As stated by the authors, because lipid content correlates to cryosurvival, this may be a useful noninvasive tool to identify candidate oocytes at reduced risk of cryodamage. Interestingly, CARS offers far stronger vibrational signals compared to Raman scattering [109] [110] [111] [112] , the signal is directional, it avoids many problems with autofluoresence, and acquisition times for entire images can be on the order of a few seconds to minutes, ideal for delicate living samples such as oocytes. It would be interesting to compare lipid profile readings from CARS and cell viability outcomes with other noninvasive approaches that detect lipid content, such as HGM.
Raman microspectroscopy can not only be used to examine changes in oocytes during meiosis but also in response to common laboratory procedures. For example, changes in sheep oocyte zona pellucida following vitrification was determined [113] . Focusing on zona protein and carbohydrates (1230-1300 cm À1 and 1020-1140 cm À1 , respectively), no discernible differences were identified following cryoprotectant exposure. However, following vitrification, the secondary structures of proteins and carbohydrates were significantly altered (increase in b-sheet and decrease in alpha-helix content). Whether different cryoprotectants or carrier systems or cooling rates affect these differences in unknown, but Raman imaging could be a useful tool in optimizing protocols to reduce cell damage.
While several studies have used Raman and variants, like CARS, to analyze the oocyte, and the procedure should be safe, efficacy has not been determined. Whether imaging times can be short enough to avoid concerns with damaging environmental stressors or whether the imaging process itself can damage oocytes remains unknown. Use of individual sperm following Raman microscopy to obtain normal fertilization and embryo development is an essential validation of safety and FIG. 6. Schematic of OQM and representative images of mouse embryos. OQM has been used to reliably count blastomeres compared to traditional staining/counting approaches. Images were adapted from [114] and [118] with permission.
NOVEL IMAGING TO ASSESS GAMETE/EMBRYO QUALITY remains to be performed. Similarly, oocyte viability following Raman imaging, as determined by successful fertilization, subsequent embryo development, and live birth following transfer, remains to be demonstrated.
Optical Quadrature Microscopy
Optical quadratic microscopy (OQM) measures both the amplitude and phase of light as it passes through an object [114] and noninvasively reconstructs them through use of an algorithm to produce a quantitative image. OQM was shown to be safe for mouse embryos, permitting development from the 2-cell to blastocyst stage [114] . Briefly, OQM using a 15 mW, 633 nm red-light laser resulting in a peak irradiance of 6.6 3 10 À4 W/cm 2 , a 5-fold lower exposure of light intensity compared to differential interference contrast (DIC), was used to image cells. Exposing 2-cell embryos for 0-120 min did not compromise development compared to no light exposure of DIC-exposed controls [114] . Subsequently, OQM was used to count cells in early preimplantation embryos (Fig. 6) . However, accuracy was not ideal [114] . While used alone, OQM does not offer insight into morphologic features used to grade embryos and is not overly informative. However, when used in conjunction with other established methods, such as DIC, OQM may provide a unique imaging approach to provide further methods of embryo assessment.
Phase Subtraction
Advances in embryo imaging may be made through combining various microscopic approaches. For example, a combination approach termed phase subtraction was developed to more accurately count embryo cell number past the 8-cell stage. Phase subtraction combines DIC and OQM. Using this approach, DIC provides distinct cell boundaries while OQM provides samples thickness as well as insight into optical path difference (Fig. 7) . This optical path difference helps determine cell overlap based on light intensity from the cells.
Preliminary experiments demonstrated that 2 h imaging of both DIC and OQM did not appear to inhibit mouse embryo development [114] . Side-by-side image comparisons and modeling approaches were used to create an algorithm to accurately count cells in a three-dimensional sample and account for cell overlap [115] . To validate the approach, mouse embryos were imaged in culture media using phase subtraction, cell numbers counted, and then verified using confocal microscopy with Hoechst staining to visualize the nuclei. Phase subtraction was able to accurately count mouse embryos with 8-26 cells 87% (13/15) of the time with phase subtraction underestimating the cell number by one cell in two embryos. This approach could potentially be useful when one considers emerging real-time morphokinetic monitoring systems where blastomere tracking and ability to view in the threedimensional plane could be useful. Importantly, the approach is time-consuming and heavily dependent upon prior setting of cell boundaries for accurate counts, though automated methods to address these limitations are being pursued [115] .
Quantitative Orientation Independent Microscopy
As previously discussed, DIC microscopy is used extensively in IVF labs to view surface structures of gametes and embryos through the use of monochromatic shadow-cast images of optical phase gradients. Also reviewed above, polarized light microscopy provides visualization of structures that display birefringence, such as the spindle or zona pellucida. However, while both are compatible with continued embryo development, both approaches have sample limitations and optimal visualization can only occur when the specimen is correctly orientated in relation to the optical system.
In another example of combining imaging approaches, DIC and polarization microscopy have been used in tandem, and through the use of algorithms and computer-recombined images, a quantitative and orientation-independent approach has been used to visualize crane fly spermatocytes [116, 117] (Fig. 8) . The combination approach utilizes the strengths of the FIG. 7. Schematic of phase subtraction microscopy and representative images of mouse embryos. Phase subtraction combines OQM and DIC microscopy and has been used to define blastomere boundaries and image embryos in the three-dimensional plane, which may be used for cell counting. Images were adapted from [115] with permission.
JASENSKY AND SWAIN two individual approaches, improves the resulting contrast to clearly visualize microtubules and chromosomes, and should be compatible with continued cell development, though this remains to be verified. While such definition would likely not be feasible with oocytes and embryos, similar approaches could perhaps provide some unique insight. It should be mentioned that initial setup and image capturing does require time-consuming manipulations. However, next-generation equipment may resolve this issue and yield images within a fraction of a second.
Multimodal Microscopy
In perhaps one of the most elaborate setups, and further demonstrating a combination approach to embryo imaging, a multimodal microscope using a three-dimensional fusion microscope combining DIC, epifluorescence, optical quadrature, laser-scanning confocal fluorescence and two-photon microscopy, all on a Nikon TE2000 inverted microscope base, has been used to image mouse blastocysts [118] . While this approach may not logistically be feasible for implementation in a clinical laboratory because of size and cost, it does demonstrate that multiple imaging approaches can be implemented into a single platform and offer the ability to capture several novel images and possibly provide insight into novel aspects of cellular function and viability.
CONCLUSION
While these novel imaging approaches may have potential benefit, currently, many are clearly not ready for use in the clinical IVF laboratory. Most of the aforementioned studies utilized complex imaging chambers placed on microscope stages, which would not be compatible for long-term culturing and repeated image capturing of specimens from multiple patients. Additionally, even for transient imaging, many studies did not fully verify the viability of the imaged cells by confirming fertilization or live birth. Additionally, the expense and complexity of the lasers and associated materials required for the novel approaches are likely cost prohibitive at the moment. However, based on the number of publications and studies using polarized light microscopy, it appears that once novel imaging microscopes/approaches have been validated for safety, are scaled appropriately, and become user-friendly, rapid, and affordable, these novel imaging strategies may receive widespread attention and application in clinical IVF.
Furthermore, automation is a crucial component to fully realize the potential of these novel imaging approaches. While assessment of a single image at a distinct time-point could potentially be insightful as a selection tool in certain cases, this approach is limited in the information gained. Rather, as evidenced by the plethora of emerging embryo morphokinetic studies, a series of images may provide more insight into FIG. 8 . Schematic of quantitative orientation independent microscopy and representative images of spermatocytes. Images were adapted from [116] and [117] with permission.
NOVEL IMAGING TO ASSESS GAMETE/EMBRYO QUALITY gamete quality and embryo development. Whether this presents in the form of gathering and overlaying images of varying microscopic imaging techniques in succession and/or implementation of a selection algorithm based on specific visual cues/signal related to some aspect of the gamete/embryo, it is apparent that an automated and computerized component will be required to help reduce the labor-intensive aspect of some of the imaging approaches. Indeed, automated cell counting may be useful in reducing the subjectiveness of morphological grading systems and may offer means to better evaluate later cells stages, such as blastocysts [119] . Whether these novel imaging approaches can be adapted for real-time use within culture incubators, similar to current morphokinetic approaches, and act as a means to further expand upon current morphology and cell-cycle timing endpoints to improve selection remains to be seen.
